The manganese induced magnetic, electrical and structural modification in InMnP epilayers, prepared by Mn ion implantation and pulsed laser annealing, are investigated in the following work. All samples exhibit clear hysteresis loops and strong spin polarization at the Fermi level.
I. INTRODUCTION
After more than two decades, the study of dilute magnetic semiconductors has developed into an important branch of materials science. The comprehensive investigation of dilute magnetic III-V semiconductors has been stimulated by successful demonstrations of several phenomenological functionalities in these types of materials. For instance, III-V:Mn semiconductors exhibit properties like spin injection [1] and the control of magnetism by means of an electric field [2, 3] . It has been demonstrated (with anomalous Hall signals) that the ferromagnetism in III-V semiconductor is carrier-mediated [4] . These properties of III-V:Mn semiconductors make them highly suitable for spintronic device applications [5] .
Despite several outstanding achievements, the origin and control of ferromagnetism in III-V semiconductors is one of the most controversial research topics in condensed-matter physics today. GaMnAs is the most studied and well understood III-V dilute magnetic semiconductor. Currently there are two main competing theories under discussion for explaining the ferromagnetism in III-V semiconductors, particularly in GaMnAs. The first one states that a strong hybridization of Mn 3d-electrons with the GaAs valence band occurs. As a result, the Mn-derived band (states) merges with the GaAs valence band, giving rise to hole-mediated ferromagnetism through the p − d exchange interaction [6, 7] . The second type states that the Mn states are split off from the valence band and they lie in an impurity band in the bandgap about 110 meV above the valence band maximum. In this scenario, the ferromagnetism is explained by the double-exhange interaction [8] [9] [10] [11] [12] .
The Mn concentration and the hole concentration are the key factors in controlling the Curie temperature and the strength of the exchange interaction in III-V semiconductors, e.g. GaMnAs, GaMnP [4, 13] . Mn-doped GaAs exhibits insulator-metal transition at a certain Mn concentration [13] . This is due to the isolated acceptor states of the Mn ions in GaAs being only 110 meV above the valence band maximum. With the introduction of the Mn ions, an impurity band forms and with increasing Mn concentration the band broadens, which results in a valence band like conduction [14] . In the case of GaMnP, the Mn isolated acceptor state is around 440 meV above the valence band, four times greater than that of GaMnAs, therefore the band broadening and the thermal energy might not be sufficient to induce metal behaviour in GaMnP even up to a high Mn concentration [4, 15] . Recently, we have shown that ferromagnetic order can be induced in InMnP with a Mn concentration 3 which is comparable to that of GaMnAs and GaMnP [16] . The aim is to study a system that has the Mn acceptor level in between GaMnAs and GaMnP compounds in order to shed light on the impurity versus valence band debate in III-V semiconductors. InMnP is the most favourable choice to study this effect as it has a bandgap of 1.34 eV and an isolated Mn energy level of 220 meV [14] .
In this work, we show how the variation in Mn concentration in InMnP modifies its magnetic, transport and structural properties. This is the first time that such a detailed and systematic study of the role of Mn in InMnP is carried out. This work contributes to a comprehensive understanding of impurity versus valence band picture in Mn-doped III-V semiconductors. were performed in the backscattering geometry using a 325 nm line of a He-Cd laser in ā z(ý ,ý)z back-scattering configuration.
II. EXPERIMENTAL
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III. RESULTS AND DISCUSSION
In this section, the magnetic, structural and transport properties of four InMnP samples will be discussed in detail. Furthermore, the angle between two satellite peaks (2∆θ p , as shown in Fig. 2 ) is used to calculate the thickness of the InMnP epilayer, as this method has already been used for other layered crystalline systems [19] . The thickness of the InMnP epilayer is calculated by using the relationship L = λ/ (2∆θ P .cosθ B ), where 2∆θ P and θ B are the angle between two satellite peaks and the Bragg angle, respectively. The thickness of sample D using this formula is found to be 95±5 nm, in agreement with SRIM simulation (not shown here) and TEM (see tion is not as significant as in GaMnAs [20] . Note also that the Mn interstitials and the In/Ga vacancies can induce the expansion of the lattice constant [20] . This expansion can compensate the shrinking induced by the substituted Mn in InP. in GaMnAs only for a Mn concentration of 2.8 at.% [24] . It also indicates a high degree of incorporation of Mn in the GaAs lattice which ensures a high concentration of free carriers (holes) in this system.
From Fig. 3(a) , it is clear that the virgin sample mainly exhibits a LO phonon mode which nearly vanishes after the Mn implantation due to the amorphization of the implanted layer.
At the same time the normally forbidden TO phonon becomes visible, due to the relaxation of the selection rules caused by the Mn implantation. After laser annealing, sample A with a lowest Mn concentration exhibits a strong LO phonon mode at 346 cm −1 along with a broad TO phonon mode at 307 cm −1 . As the Mn concentration increases, e.g., samples C and D, the intensity of the TO phonon mode at 307 cm −1 increases and it is slightly higher than the LO phonon mode for the sample D. The increase in intensity of InP TO phonon upon increasing Ar irradiation doses was observed before and was attributed to an increase crystal lattice distortion [25] . It should be mentioned that even for Mn concentration of 5
at.% we do not observe the specific spectrum of amorphous InP in the annealed samples, which is a proof of the good crystallinity. Moreover, we do not observe the occurence of the coupled plasmon-LO mode which was reported in the case of GaMnAs. This indicates that the Mn ions incorporated in the crystal lattice do not contribute to a significant increase in free carriers density. This observation is in agreement with the high insulating behaviour and the hopping transport mechanism discussed in the section C.
The incorporation of Mn ions into the GaAs lattice is more effective than in the InP lattice.
As a result, these two compounds have different electronic and magnetic characteristics such as T c , magnetization, carrier concentration, mobility etc. Furthermore, the coupled plasmon-LO phonon mode strongly depends on the free carrier mobility and concentration in III-V semiconductors [24, 26] . Therefore, we do not expect identical behaviour of the LO phonon mode in GaMnAs and InMnP. Nevertheless, the UV-Raman results show that the InMnP epilayer recrystallizes after pulsed laser annealing and the LO, TO phonon intensity depends on the Mn concentration. [27, 28] and have also been predicted theoretically [29] . Das Sarma et al . have theoretically shown that the concavity of the M-T curve is related to the ratio of the carrier concentration to the impurity concentration [29] . If the carrier/impurity ratio is low, the shape of the M-T curve will be more concave and vice versa. We expect that
Mn ions replace indium ions at their lattice sites and generate holes in the InMnP system.
But due to compensation centers, interstitial Mn or antisites as in GaMnAs [30, 31] , which generally contribute electrons to the system, the free hole concentration in InMnP will be reduced. Consequently, the carrier(holes)/impurity ratio reduces significantly and hence a concave shaped M-T curve is observed in most of the InMnP samples. and the formation of a magnetically inert layer with a large Mn concentration due to surface segregation during the pulsed laser annealing [34] . Furthermore, a self-compensation process (interstitial Mn, antisites) as in GaMnAs [30, 31] can further depress the ferromagnetism in InMnP. A magnetic anisotropy perpendicular to the sample plane e.g., the magnetic easy axis is out-of-plane, has been observed in our InMnP samples (see inset (a) to Fig. 5 for an example). It could be due to the following reason. The substitution of Indium by manganese ions results in a smaller lattice constant of InMnP compared to its bulk InP. Therefore, the InMnP layer is under a tensile strain. Due to the biaxial tensile strain, the valence band splits and the lowest valence band assumes a heavy-hole character [35] . The hole spins are oriented along the growth direction when only the lowest valence band is occupied, since in this case it can lower their energy by coupling to the Mn spins and hence a perpendicular magnetic anisotropy is expected in this case [36] [37] [38] [39] . The tensile strain in the InMnP layer is confirmed by XRD results and it increases with the Mn concentration. On the other hand, the magnetic anisotropy in ferromagnetic semiconductors also depends on temperature [36] and on hole concentration [40] [41] [42] [43] . concentration in InMnP may be attributed to defects acting as domain wall pinning sites.
X-ray absorption spectroscopy (XAS) in combination with x-ray magnetic circular dichroism (XMCD) are widely used to probe the electronic and magnetic structures of matter.
XMCD in particular provides information on a selected element of a specimen. We have performed XMCD measurements on our InMnP samples at the Mn L 2,3 edges. At these Mn edges the 2p core electrons are excited to the unoccupied 3d states and consequently information about the electronic structure of the polarized Mn band is obtained (see Ref.
[45] for more details). It is well known that an oxide surface layer is formed in Mn doped III-V semiconductors [44, 46] . Therefore, a HCl solution is used to remove the oxide layer prior to XMCD measurements. For the XMCD measurements in this particular study, all The XMCD signal at the Mn L 3 -edge of sample D defined as (µ
∼ 40% at 4.2 K under a magnetic field of 4 T which decreases in samples containing a low Mn concentration (see table I ). This value of XMCD is comparable to that of other ferromagnetic III-V semiconductors [34, 46, 47] . The large XMCD signal of InMnP also
indicates that it has a high spin polarization at the Fermi energy (E f ) which depends on the Mn concentration, see Fig. 6(b) . The XMCD sum rules provide information on the degree of the spin and orbital moments in the system [48, 49] . The spin moment calculated using XMCD data and the sum rules in sample D is ∼ 1±0.1 µ B /Mn while the orbital moment is negligibly small.
Both the Curie temperature and the XMCD at the Mn L-edge increase with Mn concentration. Indeed, the XMCD signal also shows a similar temperature dependent behavior as the magnetization measured by SQUID-VSM [16] . Both methods probe the same ferromagnetic phase. Therefore, we can prove that the ferromagnetism in InMnP is intrinsic and due to substituted Mn ions.
C. Transport properties
The carrier mediated nature of ferromagnetism and the conduction mechanism in InMnP can also be studied by transport methods (magnetoresistance, anomalous Hall effect and resistivity). The four samples A, B, C, D were used for magneto-transport measurements.
We carried out temperature dependent resistivity and magnetoresitance measurements using a van der Pauw geometery under a magnetic field perpendicular to the sample plane. Figure 7 represents the sheet resistance as a function of inverse temperature for samples A, B, C and D measured under a zero magnetic field. All samples exhibit semiconductor like sheet resistance up to the Mn concentration as high as 5 at.% and to the lowest measurable temperature. The temperature dependent sheet resistance of InMnP is quite similar to that of GaMnP [4] , but different from that of GaMnAs with comparable Mn concentration [50] .
It is worth noting that two different slopes, at low and high temperatures, in the temperature dependent sheet resistance of all four samples hint to different conduction mechanisms at low and high temperatures. Therefore, to describe thermally activated conduction processes at low and high temperatures, we have used a model [4] which is given in Eq. 1,
(1)
where pre-exponential constants ρ 1 , ρ 2 and activation energies E 1 , E 2 are the free parame- 
InMnP.
We have performed magnetoresistance (MR) measurements on samples A, B, C and D in order to investigate a magnetic field response of the resistivity. Particulary, the low temperature magnetoresistance data also provides information on the transport mechansim in the system. Figure 8 table I ). The negative magnetoresistance in InMnP can be explained as follows [52] : when a magnetic field is applied, it results in an antiferromagnetic coupling between the Mn ion and the hole (a ferromagnetic one between two Mn ions). Consequently, the wavefunctions of Mn-hole complexes expand and the increased overlapping of these wavefunctions results in a negative magnetoresistance of InMnP. We have used a model in high-field limits i.e. λ≪a, where λ and a are the magnetic length and localization radius, respectively, which has been used for insulating GaMnAs previously [52] . The model is given in Eq. 2.
where λ is the magnetic length. This model is used to fit the magnetoresistance data at low temperature for three InMnP samples and the results are shown in Fig. 8(a) . The fit results show that the model is applicable to explain the magnetoresistance of InMnP in the high-field range of 1-5 T. The fitting parameter C has a negative sign due to the expansion of the wave functions in a magnetic field which increases with the Mn concentration from 12910 for sample B to 20465 for sample D (see table I ). The dependence of the fitting parameter C on the Mn concentration indicates that under a magnetic field the overlapping of the wave functions of Mn-h complexes increases which results in a large negative magnetoresistance of sample D. At low temperature the magnetization reaches its saturation, the decrease in resistivity under a magnetic field is very weak. As at low temperature there remains certain conductivity in InMnP samples which could be related to the hopping conduction in the impurity band. The high insulating characteristics of InMnP samples (low mobility) also indicate that the Fermi level resides in the localized impurity band. In this scenario, the hopping conduction is dominating in the impurity band because it needs very low energy (few meV). Therefore, we can conclude that hopping within the impurity band is the main conduction mechanism in InMnP at low temperatures which is also an indication of a separated Mn-impurity induced band within the bandgap of InP.
IV. CONCLUSION
We have prepared a dilute ferromagnetic semiconductor InMnP by Mn ion implantation and pulsed laser annealing. Transmission electron microscopy with a combination of electron diffraction is used to study the microstructural changes produced by Mn ions in 
